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Conjugated polymers are expected to become prime constituents in electronics 
based on organic materials. There are already some established applications and a 
considerable volume of precommercialization work is in progress. These bright prospects 
have led to an explosive growth in research effort on these materials during the last 
decade, both scientific1 and industrial. This interest is due to substantial n-electron 
delocalization along their n-conjugated backbones, which gives rise to fascinating optical 
and non-linear optical properties and allows them to become good electrical conductors, 
typically when oxidized or reduced. The oxidation and reduction are usually referred to as 
doping. These properties may lead to materials with a variety of practical applications2~3, 
such as optical signal processing and information storage, substitute materials for batteries 
and devices for solar energy conversion. Electroluminescence based devices also provide a 
rapidly expanding field of interest4. Furthermore, sloppy electronics using conjugated 
polymers as semiconductors in field-effect transistors (FET) and Scottky barrier diodes 
etcetera are feasible as a result of improved performances of these organic materials. How- 
ever, the development of these possible applications has been limited by the low stability 
toward ambient conditions and lack of processability often characteristic of polyconjugated 
materials. Consequently, considerable efforts have been directed toward the preparation of 
molecules with improved processability and stability, and this activity has provided 
materials with significantly enhanced properties. 
Several classes of polyconjugated molecules, either of high molecular weight 
(polymers), or of relatively low molecular weight (oligomers), have been synthesized, 
studied and applied. Polythiophenes, polypyrroles and other polymers with hetero atoms in 
the polymer main chain, such as polyaniline, are among the most important classes of 
heterocyclic polymers with extended n-conjugation. Polyaniline, although formally not a 
poly-heterocyclic, is included in this group since its properties are directly related to the 
presence of the nitrogen atoms. Another important class of conjugated materials consists of 
1 Handbook of Conducting Polymers Skotheim, T .  A. Ed., Marcek Dekker Inc, New York, Basel 
1986. 
2 Roth, S.; Graupner, W. Synth. Met. 1993, 55-57, 3623. 
3 Wtihrle, D.; Meissner, D. Ah? Muter. 1991, 3, 129. 
4 a) Burroughes, J. H.; Bradley, D. D. C.; Brown, A. R.; Marks, R. N.; MacKay, K.; Friend, R. H.; 
Bum, P. L.; Holmes, A. B. Nature 1991, 347, 539. b) Braun, D.; Heeger, A. J. Appl. Phys. Lett. 
1991, 58. 1982. 
the hydrocarbon polymers, such as polyacetylenes, polyphenylenes and the alternating 
copolymer of phenylene and acetylenes; the poly(pheny1ene vinylene)~. The general 
insolubility and intractability of these polymers have, in the past, created problems both 
for the chemist, with respect to a detailed characterization, and for the potential users. 
Processability of polyacetylenes, polyphenylenes and poly(pheny1ene vinylene)~ has been 
accomplished by using soluble precursor polymers, and the introduction of solubilizing 
side chains is an alternative successful strategy for overcoming processing difficulties of, 
for example, polythiophenes. In the case of poly(pheny1ene vinylene)~ the attachment of 
side chains not only significantly enhances the solubility, but also modifies their electronic 
properties. 
To obtain materials with excellent properties, high n-electron mobility is required, 
both intramolecular and intermolecular. Intramolecular mobility depends on the effective 
conjugation length. The through conjugation is interrupted by mis-couplings between adja- 
cent rings such as the meta coupling in benzene or the or-I3 coupling in thiophene (figure 
1 .l .a) and by steric repulsions of groups attached to the rings forcing the rings to adopt a 
non-planar conformation (figure 1.1 .b). The intermolecular mobility, the transposition of 
a-a-coupling conjugated 
a-P-coupling no conjugation 
a b 
figure I .  I 
charge carriers from one polymer chain to another, also called 'hopping', is necessary 
since these types of polymers are not of infinitive length. Hopping is facilitated by small 
interchain distances, which requires highly ordered and therefore crystalline materials. 
These preconditions clearly show the importance of well-defined and precise techniques 
for the synthesis of conjugated materials. Recent progress in the field of substituted 
polythiophenes has shown the significance of precision in the control over molecular 
structure in these aspects, i.e., defect free x-conjugation and regioregularity of the 
substituents. Alternatively, ordering can be accomplished by macroscopic modifications of 
chapter 1 
the materials, in order to align the polymer chains. A sixfold elongation of a poly(3-octyl 
thiophene) sample produces a 800-fold increase in conductivity5. 
Considerable research efforts have been directed toward the synthesis of well- 
defined oligomers; the term well-defined is used to distinguish between low molecular 
weight polydisperse polymers with an average molecular weight and organic molecules 
with a distinct mass. Well-defined oligomers are mainly used as model compounds for the 
investigation of synthesis and properties of the corresponding polymers, but they can be 
used in certain applications as well. 
In this chapter a comprehensive review of conjugated materials that have been 
presented in the literature is given. A detailed description of the physics and applications 
of these materials is beyond the scope of this thesis that will focus on the synthetic aspects 
of the field of x-conjugated polymers and well-defined oligomers. 
1.2 Synthesis of T-conjugated polymers 
1.2.1 Polythiophene 
The first polythiophene synthesis has been described in 1883. Washing of benzene 
with sulfuric acid afforded after further treatment with sulfuric acid a black insoluble 
material6. Oligomerization of thiophene induced by phosphoric acid leads to the formation 
of the trimer7. It was not until the early 198OYs, however, that any well-defined polymeric 
material was obtained. After the first syntheses by ~amamoto* and   in^, using the 
Grignard-type coupling of 2,5-dibromothiophene, a vast number of articles concerning syn- 
thesis and properties of polythiophenes has been published. Polythiophenes exhibit 
polyrhiophene 
5 Ishikawa, H.; Amano, K.; Kobayashi, A.; Satoh, M.; Hasegawa, E. Synth. Met. 1994, 64, 49. 
6 Meyer, V. Chem. Ber. 1883, 16, 1465. 
7 Meisel, S. L.; Johnson, G. C.; Hartough, H .  D. 1 Am. Chem. Soc. 1950, 72, 1910, and references 
therein. 
8 Yamamoto, T.; Sanechika, K.; Yamamoto, A. 1 Polym. Sci., Polym. Lett. Ed 1980, 18, 9. 
9 Lin, J. W-P.; Dudek, L. P. J.  Polym. Sci., Polym. Chem. Ed. 1980, 18, 2869. 
favorable properties such as stability in both the neutral and the oxidized state under 
ambient conditions, but the numerous studies are also a result of the synthetic know-how 
for the preparation of (po1y)thiophene and its derivativeslO. 
The early problems concerning structural defects and solubility have attained much 
attention in the course of polythiophene research, and some elegant solutions have been 
found. Extended x-conjugation in polythiophenes is only possible in polymers with perfect 
2,5-linked repeating units. Unfortunately, 2,4- and 2,3-couplings can be found as well. 
These undesired couplings are found when the polymers are prepared by (e1ectro)oxidative 
polymerization methods. This is due to the fact that during the polymerization both the 
absolute oxidation potential of the a-position and the oxidation potential difference 
between the a- and D-position decreases as the number of rings increases1'. The occur- 
rence of a,D-linked thiophene rings interrupts the conjugation and as a result will give rise 
to inferior materials. Polythiophenes are, like other polyaromatic compounds, insoluble in 
organic solvents due to their rigid backbone This insolubility and related problems such as 
characterization and processability, have been overcome by the introduction of flexible 
side chains at one of the P-positions. Appropriate solubility is achieved by using 
thiophenes with one alkyl side chain consisting of more than three carbon units at every 
repeating unit12. However, in 3-substituted polythiophenes there are several coupling 
patterns possible; the head-to-head, the head-to-tail and the tail-to-tail isomers'3714. The 
head-to-head head-to-tail tail-to-tail 
head-to-head coupling is sterically unfavorable for coplanarity and causes considerable loss 
of conjugation, whereas the head-to-tail couplings display only a limited effect on the 
conjugation. These significant differences in coplanarity between head-to-head and head- 
to-tail couplings show the subtilities in the trade-off between resonance energy and steric 
hindrance in polyheterocycles. Studies of regioregular polythiophenes, recently made 
10 Thiophene and its derivatives vol. 1-6 Gronowitz, S. Ed., Weisberger's The Chemistry of Heterocy- 
clic Compounds, Wiley Interscience. 
11 Roncali, J.; Lemaire, M.; Garreau, R.; Gamier, F. Synth. Met. 1987, 18, 139. 
12 Jen, K-W.; Miller, G.  G.; Elsenbaumer, R. L. 1 Chem. Soc., Chem. Commun. 1986, 1346. 
13 Leclerc, M.; Diaz, F. M.; Wegner, G.  Makromol. Chern. 1989, 190, 3105. 
14 Sato, M.; Morii, H. Macromolecules 1991, 24, 1196. 
accessible via a number of elegant routes, have shown that the crystallinity is increased 
with regioregularity and that the possibility of side-chains crystallinity is essential for 
optimal properties. For the case of regiorandom polymers the optimal chain length of the 
alkyl side-chains for properties like conductivity and optical non-linearities has been 
determined to be in the range of seven to nine carbon atoms15; the conductivity of doped 
regioregular polythiophene with a n-dodecyl side chain surpasses that of the n-octyl 
substituted polymer16. Even self-assembly in thin films is observed in the case of 
regioregular substituted polythiophenes. In addition to improved solubility, the introduction 
of side chains in the 3- and/or 4-position also decreases the rate of a,Bcouplings, since 
(one of) the 8-positions are already o c c ~ ~ i e d ' ~ ~ ' ~ .  The use of 3,4-disubstituted monomers, 
however, results in a significant loss of coplanarity of the thiophene rings for alkyl 
substituents, due to the presence of head-to-head couplings onlylg. In the case of one or 
two alkoxy-substituents, however, the presence of an oxygen atom attached to the 
thiophene ring leads to a decreased steric hindrance and the loss of conjugation is limited. 
Besides conductivity, polythlophenes exhibit interesting optical properties 
including luminescence, thermochromism and solvatochromism. Photo- and 
electrolurninesence depend on the effective conjugation length of the polythlophenes and, 
therefore, the color can be tuned by varying the number and positions of the alkyl side- 
chains2', or the regioregularity in the materials2'. ~ h e r m o c h r o r n i s m ~ ~ ' ~ ~ ~ ~ ~  and 
solvatochromism25 arise from the ability of alkyl substituted polythiophenes to adopt two 
different conformations depending on the temperature and solvent; a predominantly co- 
planar structure in an aggregated form at lower temperatures or in a non-solvent and a 
disordered non-planar form at higher temperatures or in a good solvent. The conformation- 
Roncali, J.; Garreau, R.; Yasser, A.; Marque, P.; Gamier, F.; Lemaire, M. J. Phys. Chem. 1987, 
91, 6706. 
McCullough, R. D.; Tristram-Nagle, S.; Williams, S. P.; Lowe, R. D.; Jayaraman, M. 1 Am. 
Chem. SOC. 1993, 115, 4910. 
Waltman, R. J.; Bargon, J.; Diaz, A. F .  J.  Phys. Chem. 1983, 87, 1458 . 
Tourillon, G.; Gamier, F. 1 Phys. Chem. 1983, 87, 2289. 
Leclerc, M.; Daoust, G. 1 Chem. Soc., Chem. Commun. 1990, 273. 
Gill, R. E.; Malliaras, G.  G.; Wildeman, J.; Hadziioannou, G. A h .  Mater. 1994, 6, 132. 
Xu, B.; Holdcroft, S. Macromolecules 1993, 26, 4457. 
Salaneck, W. R.; InganL, 0 . ;  Thkmans, B.; Nilsson, J. 0.; Sjtigren, B.; Osterholm, J.-E.; BrPdas, 
J.-L.; Svensson, S.; 1 Chem. Phys. 1988, 89, 4613. 
Tashiro, K.; Ono. K.; Minagawa, Y.; Kobayashi, M.; Kawai, T.; Yoshino, K. 1 Polym. Sci., Part 
B: Polym. Phys. 1991, 29, 1223. 
Ekeblad, P. 0 . ;  InganL, 0. Polym. Commun. 1991, 32, 436. 
Rughooputh, S. D. D. V.; ~ o i a ,  S.; Heeger, A. J.; Wudl, F. 1 Polym. Sci., Polym. Phys. Ed. 
1987, 25, 1071. 
a1 changes are accompanied by large shifts in the absorption maxima, and also induce 
optical activity in chiral polythiophenes26. 
There is much controversy about the actual molecular weight of polythiophenes. 
GPC determinations relative to polystyrene standards overestimate the molecular weight by 
a factor of ten compared to the determination relative to oligothiophene standards27. A 
similar phenomenon was observed in the molecular weight determination of poly t- 
butylnaphthalene, although in this case the deviation is only ten per centz8. However, by a 
different technique, multi-angle light scattering (MALLS) molecular weight values were 
obtained two to five times larger than by GPC relative to polystyrene standardsz9 
For the preparation of polythiophenes three main synthetic routes have been 
employed, namely: organometallic coupling, oxidative coupling and electrochemical 
synthesis. These will be discussed in sections 1.2.1.1 to 1.2.1.3 below. 
1.2.1.1 Organometallic coupling 
Nickel- and palladium-catalyzed cross-coupling of an organometallic compound 
with an organohalide is a well-known method for the coupling of heterocycles30. 
Organomagnesium derivatives are most widely employed in the polythiophene synthesis, 
despite the availability of a large number of organometallic species3'. The reaction of 
dibromothiophene with magnesium and subsequent polymerization under the action of a 
nickel catalyst has been described in 1980, with a yield of 40 to 60% based on 
dibrom~thio~hene~?~.  The yields are improved up to 93% by the use of 23- 
diiodothiophene and Ni(dppp)C12 as catalyst3'. 3-Alkyl-substituted polythiophenes, with 
molecular weights varying from 2500 to 18000, have been synthesized by this method as 
well, although the structures obtained all are regiorandom33734. This regiorandomness has 
been explained as arising from the inhomogeneity of the Grignard iodide mixture, 
consisting of the diiodo-, the bis-Grignard and two monoiodo-mono-Grignard com- 
Bouman, M. M.; Meijer, E. W. Polym. Prepr.., Am. Chem. Soc. Div. Polym. Chem. 1994, 35, 309. 
Havinga, E. E.; van Horssen, L. W. Makromol. Chem., Macromol. Symp. 1989, 24, 67. 
Fahnenstich, U.; Koch, K.-H.; MUllen, K. Malrromol. Chem., Rapid Commun. 1989, 10, 563. 
Pomerantz, M.; Tseng, J. J.; Zhu, H.; Sproull, S. J.; Reynolds, J. R.; Uitz, R.; Amott, H. J. Synth. 
Met. 1991, 41-43, 825. 
Tamao, K; Kodama, S.; Nakajima, I.; Kumada, M.; Minato, A,; Suzuki, K. Tetrahedron 1982, 39, 
3347. 
Kalinin, V. N. Synthesis 1992, 413. 
Kobayashi, M.; Chen, J.; Chung, T.-C.; Moraes, F.; Heeger, A. J.; Wudl, F. Synth. Met. 1984, 9, 
77. 
Elsenbaumer, R. L.; Yen, K. Y.; Oboodi, R. Synth. Met. 1986, 15, 169. 
lnganl,  0.; Salaneck, W. R.; Osterholm, J.-E.; Laakso, J. Synrh. Met. 1988, 22, 395. 
pounds35,36. The cross-coupling reaction has also been utilized for the monomer synthe- 
&37,38. 
Regioregularity has been achieved by McCullough et a 1 . ~ ~ 3 ~ ~ , ~ ~ ,  in the polymeriza- 
tion of 5-bromomagnesio-2-bromo-3-alkyl thiophenes as outlined in scheme 1.1. With this 
1. LDA 
2. MgBr2.0Et2 6 3. Ni(dppp)C12 an 
scheme I .  I 
very elegant route a variety of highly regular (93 to 98% head-to-tail) polymers was 
obtained in yields of 33 to 69%. These polymers exhibit enhanced conducting and optical 
properties when compared with the regiorandom materials. Conductivities up to 1000 
~ c m - '  for poly(3-dodecylthiophene) have been found, whereas for the regiorandom 
material the conductivity is limited to 20 ~cm". The maximum absorption increases 14 nm 
to 450 nm in solution and even more dramatically from 480 nrn to 526 nm in the solid 
state. X-ray analysis indicates a crystalline and self-assembled structure and a well-defined 
distance between the polymer chains. Cyclic voltammetry exhibits two oxidation potentials 
versus one broad oxidation potential for the regiorandom poly(3-alkylthiophene)~. Zinc 
instead of magnesium has been used in the n i c k e ~ ~ ' ? ~ ~  or palladium43 catalyzed 
polymerizations. The use of Ni(dppp)C12 affords regioregular polythiophenes44 with band 
gaps as low as 1.7 e ~ ~ ~ ,  whereas regiorandom polythlophenes have bandgaps in the order 
of 2 to 2.2 eV. Besides the nickel(I1) complexes the use of zerovalent nickel has been 
d e ~ c r i b e d ~ ~ , ~ ~ .  In this case the dihalothiophene is coupled without being transformed to the 
Mao, H.; Holdcroft, S. Macromolecules 1992, 25, 554. 
Mao, H.; Xu. B.; Holdcroft, S. Macromolecules 1993, 26, 1163. 
Tamao, K.; Sumitani, K.; Kumada, M. J. Am. Chem. Soc. 1972, 94, 4374. 
Kumada, M.; Tamao, K.; Sumitani, K. Org. Synth. 1978, 58, 127. 
McCullough, R D.; Lowe, R. D. 1 Chem. Soc., Chem. Commun. 1992, 70. 
McCullough, R. D.; Lowe, R. D.; Jayarmam, M.; Anderson, D. L. J. Org. Chem. 1993, 58, 904. 
Yamamoto, T.; Osakada, K.; Wakabayashi, T.; Yamamoto, A. Makromol. Chem., Rapid Commun. 
1985, 6, 671. 
Ueda, M.; Miyaji, Y.; Ito, T.; Oba, Y.; Sone, T. Macromolecules 1991, 24, 2697. 
Chen, T.-A.; O'Brien, R. A.; Riecke, R. D. Macromo1ecules 1993, 26, 3462. 
Chen, T.-A.; Riecke, R. D. 1 Am. Chem. Soc. 1992, 114, 10087. 
Chen, T.-A.; Riecke, R. D. Synth. Met. 1993, 60, 175. 
Yamamoto, T.; Maruyama, T.; Zhou, Z.-H.; Miyazaki, Y.; Kanbara, T.; Sanechika, K. Synth. Met. 
1991, 41-43, 345. 
organometallic intermediate. Consequently, the polymer has a regiorandom structure. 
Due to the improved properties of regioregular 3-substituted polythiophenes, the 
polymerization based on the organometallic coupling of thiophene monomers is now by far 
the most interesting method. A number of polymers with functional groups in the side 
chain has been synthesized using this method as well; ethyleneglycol units give rise to 
~onductivities~~ as high as 5500 ~cm- ' .  The high conductivity is believed to result from 
the oxygen containing side chains, which act like a crown ether and complex the dopant 
counter ion^^^. Furthermore, these types of polythiophenes give rise to unique sensor 
properties50 
1.2.1.2 Electrochemical synthesis 
The synthesis of polythiophenes by electrochemical oxidation has been widely 
used since it was first described by ~ i a z ~ ' .  Although the mechanism is not completely 
understood, the polymerization is proposed to proceed via the coupling of two radical 
cations, formed by the oxidation of the monomer as is outlined in scheme 1 . 2 ~ ~ .  The 
rearomatization of the dihydro dimer is the driving force in the coupling. The dimer, 
which has a lower oxidation potential than the monomer, is readily oxidized and undergoes 
further coupling. The polymer is deposited in its oxidized, and hence conducting, form 
onto the electrode, allowing the polymerization to proceed. This method has the advantage 
that during the polymerization homogeneous, stable films are formed. The films can be 
characterized by optical and electrochemical methods. Electrochemical polymerization has 
been used for the synthesis of unsubstituted polythiophene53*54 and substituted 
Yamamoto, T.; Morita, A,; Miyazaki, Y.; Maruyama, T.; Wakayama, H.; Zhou, Z.-h.; Nakamura, 
Y.; Kanbara, T.; Sasaki. S.; Kubota, K. Macromolecules 1992, 25, 1214. 
McCullough, R. D.; Williams, S.P. J. Am. Chem. Soc. 1993, 115, 11608. 
McCullough, R. D.; Williams, S. P.; Jayaraman, M. Polym. Prepr., Am. Chem. Soc., Div. Polym. 
Chem. 1994, 35, 190. 
Swager, T. M.; Marsella, M. J. A h .  Muter. 1994, 6, 595. 
Diaz, A. Chem. Scr. 1981, 17, 145. 
for a detailed discussion see: Roncali, J. Chem. Rev. 1992, 92, 71 1 .  
Tourillon, G.; Gamier, F. .l Electroanal. Chem. 1982, 135, 173. 
Kaneto, K.; Kohno, Y.; Yoshino, K.; Inuishi, Y. J. Chem. Soc., Chem. Commun. 1983, 382. 
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polythlophenes including poly-(3-methylthiophene)55, poly-(3-ethylthiophene)56 and of a 
number of different soluble poly-(3-alkylthiophenes)57.58. However, in all cases reported 
sofar, the polymers obtained possess a regiorandom structure. 
In addition to alkyl substituted polymers, a variety of polythiophenes containing 
other hctionalities have been synthesized by electrochemical polymerization. Oxygen 
containing substituents have also been used, including methoxyS9 and polyethers60 with 
conductivities as high as 1050 ~cm-'.  A highly transparent conducting polymer has been 
found by the polymerization of 3,4-ethylenedioxy thiophene6'. Polyfluoroalkyl substituted 
polythiophenes have also been synthesized62, while water-soluble, self-doped 
polythiophenes have been prepared by the introduction of ionic groups in the side 
,hain63,64,65,66 
Thiophene oligomers like bitl~ienyls~~ and t e r t l ~ i e n ~ l s ~ ~ ,  with a lower oxidation 
potential relative to thiophene (1.2-1.3 V and 1 V, respectively, versus 1.7 V for 3-butyl 
thiophene) have been used as monomers. An advantage of the lower oxidation potential is 
that a lower potential can be applied during polymerization decreasing the possibility of 
overoxidation. Nevertheless, the materials do not exhibit properties surpassing that of 
polymers prepared from thiophene monomers. Silyl-substituted thiophenes have been 
polymerized with the elimination of the silyl substituents6'. 
Yasser, A,; Roncali, J.; Gamier, F. Macromolecules 1989, 22, 804. 
Sato, M.; Tanaka, S.; Kaeriyama, K. J. Chem. Soc., Chem. Commun 1985, 713. 
Hotta, S.; Rughooputh, S. D. D. V.; Heeger, A. J.; Wudl, F. Macromolecules 1987, 20, 212. 
Sato, M.; Tanaka, S.; Kaeriyama, K. Makromol. Chem. 1987, 188, 1763. 
Blankespoor, R. L.; Miller, L. L. .I Chem. Soc., Chem. Commun. 1985, 90. 
Bryce, M. R.; Chissel, A.; Kathirgamanathan, P.; Parker, D.; Smith, N. R. M. J. Chem. Soc., 
Chem. Commun. 1987, 466. 
Heywang, G.; Jonas, F. A&. Mater. 1992, 4, 116. 
Ritter, S. K.; Noftle, R. E.; Ward, A. E. Chem. Mat. 1993, 5, 752. 
Havinga, E. E.; van Horssen, L. W.; ten Hoeve, W.; Wynberg, H.; Meijer, E. W. Polym. Bull. 
1987, 18, 277. 
Patil, A. 0.; Ikenoue, Y.; Wudl. F.; Heeger, A. J. J. Am. Chem. Soc. 1987, 109, 1858. 
Patil, A. 0.; Ikenoue, Y.; Basescu, N.; Colaneri, N.; Chen, J.; Wudl. F.; Heeger, A. J. Synth. Met. 
1987, 20, 151. 
Bguerle, P.; Gaudl, K.-U.; Wilrthner, F.; Sariciftci, N. S.; Neugebauer, H.; Mehring, M.; Zhong, 
C.; Doblhofer, K. A&. Mater. 1990, 2, 490. 
Arbizzani, C.; Barbarella, G.; Bongini, A.; Mastragostino, M.; Zambianchi, M. Synth. Met. 1992, 
52, 329. 
Masuda, H.; Taniki, Y.; Kaeriyama, K. J. Polym. Sci. Part A: Polym. Chem. 1992, 30, 1667. 
1.2.1.3 Oxidative coupling 
Conducting polythiophenes are formed in the oxidation of thiophene or bithienyl 
with arsenic(V) fluoride. The observation that the material can be reduced with ammonia 
clearly displays that polymerization has occurred69. Due to the poisonous properties of 
arsenic(V) fluoride the method is not very practical. A more convenient method has been 
developed by Yoshino et aL70, by using iron(II1) chloride as oxidizing agent and chloro- 
form as solvent under anhydrous conditions. Subsequent reduction with ammonia provides 
the neutral polymer in good yields. The reaction is easily carried out and this method has 
now widely been employed in the synthesis of polythiophenes from thiophene with 
alky171972, alkoxy19 and alkylsulphonic acid73 substituents, bithienyl with two alkyl substi- 
t ~ e n t s ~ ~ , ~ ~ ,  and one alkyl sub~tituent~~. The bithienyl monomer can also be polymerized 
using milder oxidants77. 
The oxidative coupling of thiophenes provides materials with higher molecular 
weights than the routes described above. However, in a study78 a comparison has been 
made between hexylthiophene and the deuterated analog, which indicates that considerable 
crosslinking occurs through the alkyl side chains. Reaction temperatures below -20°C lead 
to a diminished degree of crosslinking and with this an increased yield of soluble 3- 
substituted polythiophenes. Although the polymers obtained by the iron(II1) chloride 
oxidation of 3-substituted thiophenes exhibit a regiorandom structure, the polymerization 
of 3-(4-octylpheny1)thiophene by using a modified procedure has produced a polymer with 
a high degree of regioregularity79. However, this high regioregularity is a result of the 
phenyl substituent and is not solely due to the modified procedure. 
Coupling of aromatic rings can be accomplished by the copper(I1) chloride 
KoBmehl, G.; Chatzitheodorou, G. Makromol. Chem., Rapid Commun. 1981, 2, 55 1. 
Sugimoto, R.; Takeda, S.; Gu, H. B.; Yoshino, K. Chem. Express 1986, 1, 635. 
Leclerc, M.; Diaz, F. M.; Wegner, G. Makromol. Chem. 1989, 190, 3105. 
bsterholm, J.-E.; Laakso, J.; Nyholm, P.; Isotalo, H.; Stubb, H.; InganL, 0 . ;  Salaneck, W. R. 
Synth. Met. 1989, 28, C435. 
Ikenoue, Y.; Saida, Y.; Kira, M.; Tomozawa, H.; Yashima, H.; Kobayashi, M. J.  Chem. Soc., 
Chem. Commun. 1990, 1694. 
Souto Maior, R. M.; Hinkelmann, K.; Eckert, H.; Wudl, F. Macromolecules 1990, 23, 1268. 
Zagbrska, M.; Krische, B. Polymer 1990, 31, 1379. 
Andersson, M. R.; Pei, Q.; Hjertberg, T.; Inganh, 0 . ;  Wennerstrom, 0 . ;  bsterholm, J.-E. Synth. - 
Met. 1993, 55-57, 1227. 
Kaeriyama, K.; Masuda, H.; Shirakawa, H.; Akagi, K.; Suezawa, H.; Hirota, M. Polym. Muter. Sci. 
Eng. 1991, 64, 212. 
Gautun, 0 .  R.; Carlsen, P. H. J.; Samuelsen, E. J.; Mkdalen, J. Synth. Met. 1993, 58, 1 15. 
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oxidation of their lithium derivativess0. This has been applied to the synthesis poly-(3- 
methylthiophene)81>82 and to polymers containing bithienyl unitss3. 
1.2.2 Polypyrrole 
The first synthesis of polypyrrole, appreciating the conducting properties, was 
described in 1968'~. Electrochemical oxidation of a pyrrole solution in 0.1 N sulfuric acid 
afforded a black conducting film. Improvements through the use of organic solvents and 
different electrolytes have been made85986 and the electrochemical method has been the 
most employed polymerization technique ever since. Oxidized polypyrrole is stable under 
ambient conditions and up to temperatures exceeding 3 0 0 ~ ~ ~ ~ .  The neutral form of 
polypyrrole, on the other hand, has not been isolated and characterized, due to its extreme 
susceptibility to oxidation. 
The electrochemical route to polypyrrole provides good quality films. Counterions 
have a considerable influence on the conductivity and mechanical properties87. Changing 
the counterion from oxalate to perchlorate increases the conductivity by a factor of 
hundred thousands1. Commercially available (BASF) polypyrrole with tosylate as 
counterion exhibits a conductivity of 15 ~cm- '  and the stability of the material at ambient 
conditions is extremely good; a decrease of less than 15% per year is reported. 
Alkylsulfonates and phosphates has been used as electrolyte as wells8, and processable 
polymer blends are formed by using sulfonated polystyrene as counterions in the polymer. 
The oxidation of a neutral polypyrrole film with chemical oxidizing agents 
increases the conductivity relatively to the electrochemical oxidized materials9. 2,2'- 
Bipyrrole has been used as monomer, but the properties of the polymer obtained are 
Kauffman, T. Angew. Chem., Int. Ed. Engl. 1974, 13, 291. 
Amer, A.; Zimmer, H.; Mulligan, K. J.; Mark Jr, H. B.; Pons, S.; McAleer, J. F. J. Polym. Sci., 
Polym. Lett. Ed. 1984, 22, 77. 
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Wernet, W.; Monkenbusch, M.; Wegner, G.  Mol. Cryst. Liq. Cryst. 1985, 118, 193. 
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G .  Mol. Cryst. Liq. Cryst. 1982, 83, 253. 
similar to the parent polymer obtained from pyrrole itselPo. Pyrrole has been chemically 
polymerized with oxidants including sulfuric acidg1, bromine and iodine92, copper(I1) per- 
~ h l o r a t e ~ ~  and iron(II1) chloride94. 
Soluble polypyrrole can be prepared by the introduction of flexible side 
Chaifls60,95,96,97 . In contrast with the progress made in the synthesis of regioregular 
polythiophenes, all 3-substituted polypyrroles reported so far have a regiorandom structure. 
Substitution on the nitrogen affords a regular soluble polymer, however, the conductivity is 
reduced drastically, due to the strong steric interactions of the nitrogen substituent and the 
hydrogens at the 3- and Cpositions of the adjacent pyrrole ring. Both rings are forced to 
go out of plane resulting in a loss of conjugation and hence a reduced conducti~ity~~. 
Although the differences between a 3-substituted polypyrrole and a N-substituted 
polypyrrole at first glance are small with regard to steric hindrance, their conductivities 
differ significantly, again showing the subtilities in the structure-property relationship. The 
chemical oxidative method has also been applied to 3-alkyl pyrroles95.96 and to 3,4- 
dimethoxy pyrrole99. 
The introduction of sulfonic acid groups in the alkyl side chains affords water- 
soluble self-doped polypyrrole63. Using the sodium salt of the 3-alkylsulfonic acid pyrrole, 
the monomer acts as electrolyte for the electrochemical synthesis as well. A second long 
alkyl chain on the opposite side of the pyrrole ring affords a highly ordered lamellar 
polymer also soluble in chloroform100. Langmuir-Blodgett techniques have been used to 
improve the ordering of the polypyrrole films101~'02. 
Structural defects like a,R-couplings are inherent in oxidative polymerizations and 
to a minor extent can be present in the materials synthesized as described above. This 
failure to produce perfect 2,5-linked polypyrroles has been overcome by organometallic 
Lindenberger, H.; SchXfer-Siebert, D.; Roth, S.; Hanack, M. Synth. Met. 1987, 18, 37. 
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scheme 1.3 
polymerization techniques. Thus, pyrroles with a Boc protecting group at nitrogen have 
been polymerized via Stille coupling, affording a soluble non-planar precursor polymer 
that has been deprotected by thermal treatment (scheme 1.3). This polypyrrole, although of 
relative low molecular weight (approximately 3400), exhibits a perfect structure and is 
fully characterizedlo3. N-Boc-protected pyrrole has also been polymerized by the Ullmann 
coupling of the dibromo species, affording the same polymers as obtained by the Stille 
chemistrylo4. A self-doped analog of polypyrrole has been obtained by means of the 
Ullrnann coupling of ~-butyl-2,5-dibromo-3,4-~~rroledione~~~. 
1.2.3 Polyaniline 
The first report on the synthesis of polyaniline dates from 1834Io6. Polyanilines 
have been the subject of intensive research ever since. In the 1980's the conducting 
properties of polyaniline were recognized and the number of articles dealing with this 
conducting polymer has grown exponentially. Two main reasons for this growth, besides 
the scientific interest, are the low cost of aniline and the production process and the 
stability of the conducting form. In polyaniline there are a number of well-defined 
different oxidation stateslo7 (figure 1.4). The names were originally given by Green and 
Martina, S.; Enkelmann, V.; Wegner, G.; Schliiter, A.-D. Synth. Met. 1992, 51, 299. 
Groenendaal, L.; Peerlings, H. W. I.; Van Dongen, J. L. J.; Havinga, E. E.; Vekemans, J. A. J. M.; 
Meijer, E. W. Polym. Prepr., Am. Chem. Soc., Div. Polym. Chem. 1994, 35, 194. 
Brockmann, T. W.; Tour, J. M. J.  Am. Chem. Soc. 1994, 116, 7435. 
106 for a detailed historical review see: Genies, E. M.; Boyle, A.; Lapkowski, M.; Tsintavis, C. Synth. 
Met. 1990, 36, 139. 
107 Pandey, S. S.; Annapoorni, S.; Malhotra, B. D. Macromolecules 1993, 26, 3190. 
~ o o d h e a d ' ~ ~ ;  the term emeraldine must derive from the emerald green color of the base. 
The different states range from the fully reduced leucoemeraldine (x=l), protoemeraldine 
(x=0.75), emeraldine (x=0.5) and nigraniline (x=0.25) to the fully oxidized state 
pernigraniline (x=O) (figure 1.4). Unlike in most other polyaromatics, the fully oxidized 
state in polyaniline is not conducting. As a matter of fact none of the above described 
states is conducting. Polyaniline becomes conducting when the moderately oxidized states 
and in particular the emeraldine base (x=0.5) are protonated to generate the charge car- 
riers. This is called 'protonic acid doping'lo9. Polyaniline is unique is this respect; no 
electrons need to be added to the insulating material to become conducting. The different 
oxidation states of polyaniline can be doped with oxidants such as iodine, but the 
conductivity is lower compared to the proton acid doping1 lo. The conducting mechanism 
is believed to be of the polaron type; the protonated emeraldine consists of a delocalized 
poly(semiquinone radical c a t i o n ) l l l ~ ~ ~ ~ .  The conductivity is affected by the water content; 
completely dry samples are five times less conductive than samples containing some 
water113. The emeraldine base is soluble in ~ - m e t h ~ l ~ ~ r r o l i d o n e ~ ~ ~ ,  but protonated polya- 
niline is insoluble in organic solvents and only soluble in aqueous acids. Substitution of 
the aniline monomer with alkyl or alkoxy groups improves the solubility in organic 
solvents, but has a negative influence on the c o n d u c t i ~ i t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  The position of the 
substituent has an influence on the polymerization. The ortho and meta isomers give the 
same polymer, but it turned out that the reactivity of the meta isomer is considerably 
lower, resulting in a lower yield115. Self-doped polyaniline, containing sulfonic acid 
substituents, has been synthesized by sulfonation of the emeraldine base117. 
A different approach to produce soluble polyaniline is the use of n-alkyl sulfonic 
acids as proton donor; polyaniline doped with n-dodecylsulfonic acid does indeed give 
soluble and highly conducting materials118y119. Stable thin films of polyaniline that can be 
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processed out of solution are made from the emeraldine base and camphorsulfonic acid as 
dopant, m-Cresol as cosolvent is essential for obtaining a chiral crystalline structure120. 
Oxidation of aniline is the most widely employed synthetic route to polyaniline 
and can be performed either electrochemically or chemically, and is usually carried out in 
acidic media. The electrochemical method was originally developed by Letheby as a test 
for the determination of small quantities of anilinel2'. The method has been improved 
since122,123,124 and also has been applied to alky1"59'25 ,alkoxy116 and d i m e t h o ~ ~ l ~ ~  sub- 
stituted anilines, the latter exhibiting a conductivity comparable to polyaniline. Although 
chemical oxidation is usually carried out in acidic aqueous environments with an oxidizing 
agent such as ammonium persulfate1093117, it has also been preformed in chloroform using 
tetrabutyl ammonium periodate' 19. ~ l k ~ l l  15J25 and alkoxy10791 l6 substituted polyanilines 
have been prepared by using the chemical method. It has been stated that in polyaniline 
crosslinking occurs during electrochemical synthesis due to the applied potential'27, but 
non-oxidative synthesized polyaniline exhibiting the same properties indicated a fully 
linear structure12*. Polyaniline is crosslinked when the emeraldine base is heated to 
3 0 0 ~ ~ " ~ .  
Although no data are available concerning the health risks of polyaniline, the 
possible occurrence of benzidine moieties, which are well-known carcinogens129, indicates 
that care should be exercised in handling polyaniline. 
1.2.4 Other heterocyclic polymers 
In the field of the conducting and 7c-conjugated heterocyclic polymers by far the 
most attention has been paid to the polymeric systems described above. However, a variety 
of other polymers containing heterocyclic rings have been synthesized and studied as well. 
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In the following section some of the most promising classes with respect to improved 
material properties are discussed. 
1.2.4.1 Small Band Gap Polymers 
A promising class of materials in the search for organic metals is the class of 
small band gap polymers. Next to high conductivity, these systems are believed to be 
transparent in their conducting form, and when the band gap approaches zero these 
materials will exhibit metallic properties. In 1984, Wudl et al.I3O published the synthesis 
of poly(isothia-naphthene) (PITN) with a band gap of 1 eV (for comparison: 
polythlophene has a band gap of 2 eV). Limited synthetic work has been performed on 
these kind of systems since, but recently the synthesis of a substituted PITN and poly(2,3- 
dihexylthieno[3,4-blpyrazine have been published131. The small band gap is believed to 
arise from the relatively large contribution of the quinoid structure in the polymer132. 
Calculations have shown that a copolymer of thiophene and isonaphtothiophene will 
exhibit a band gap of 0.5 e ~ ' ~ ~ .  
Polycyclopenta[2,1-b;3,4-b']dithiophen-4-one has a band gap of 1.2 eV due to its 
reduced aromatic character134. Polymerization of terthienyl with one fused thiadiazole unit 
at the central thiophene ring resulted in a polymer with a band gap of 0.9 eV, arising to 
some extent from the nitrogen sulfur interactions, which improve the intrachain charge 
mobility'35. The synthesis of a polymer with a band gap as low as 0.5 eV based on the 
idea of bringing together positive and negative charges has been published by Havinga et 
Polysquaranes and polycroconanes have been synthesized by using a condensation 
polymerization. Furthermore, ~ e n e k h e ' ~ ~ , ' ~ ~  suggested that the introduction of methine 
groups between thiophene moieties would provide polymers with band gaps as low as 0.75 
eV. Others, however, have contradicted this con~lusion '~~.  
To put the importance of the band gap in perspective, none of these small band 
gap materials have conductivities surpassing the conventional polymers like polythiophene 
Wudl, F.; Kobayashi, M.; Heeger, A. J. .I Org. Chem. 1984, 49, 3382. 
Pornerantz, M.; Chaloner-Gill, B.; Harding, L. 0.; Tseng, J. J.; Pornerantz, W. J. Synth. Met. 1993, 
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and polyaniline140. 
1.2.4.2 Fused Monomers 
Fused heterocyclic compounds including thien0[3,2-b]~~rrole~~~, thieno[3,2- 
b ~ t h i o ~ h e n e ' ~ ~ ,  dithien0[3,2-b;2',3'-d]thio~hene'~~, dihydro-benzodipyrroles144 and 
dihydro-thienodipyrrole144 have been polymerized electrochemically. Other nitrogen 
containing polymers such as poly(quinoxaline-5,8-diyl)s145, and poly(quino1ine-5,8 and 
1 , 4 - d i ~ l ) ' ~ ~  have been synthesized by polymerization of the dibromo compounds with 
zerovalent nickel as catalyst. Dehydrogenative polycondensation of tetrahydroquinoline at 
elevated temperatures affords a highly conducting pol y(quinoline-2,8-diy1)147. 
A special kind of fused polyaromatic is polyphenylene sulfide. The polymer has 
been synthesized by a number of methods including electrochemically from thiophenol14*, 
oxidative from phenylene d i ~ u l f i d e ' ~ ~  and chemically from 4,4'-dibromo phenylene disul- 
fide with copper150. Upon oxidation with arsenic(V)fluoride in arsenic(II1)fluoride the 
aromatic rings are coupled with forming the benzothiophene moiety151. Conductivities up 
to 200 ~ m - '  have been reported. Finally, some results from studies of fused conjugated 
polymers based on dyes have been p~blished'52~153. These materials are claimed to be 
conducting without additional dopants. 
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1.2.4.3 Other Homopolymers 
Polypyridine has been synthesized through the homocoupling of dibromo- 
pyridine154 or d i b r o m ~ b i ~ ~ r i d i n e ' ~ ~  with zerovalent nickel as catalyst. The polymers are 
soluble only in formic acid as is the methyl substituted polypyridine156, but the intro- 
duction of hexyl groups induces solubility in other organic solvents as A detailed 
discussion on the peculiar properties of these polypyridines have been published recently, 
reporting on the self-assembled ~ol~(~~rimidine-2,5-di~l)~~~ has been prepa- 
red utilizing the same method. Other examples of heterocyclic homopolymers are 
polypyridazine'60 and polythiazole161. 
Poly(parapheny1ene) can be reduced or oxidized to produce conducting materials 
with conductivities upto 500 ~cm- l .  Both conducting species are highly sensitive towards 
water and oxygen, whereas neutral poly(parapheny1ene) is stable, both thermodynamically 
and For the synthesis of poly(parapheny1ene) a number of different routes 
have been employed, namely: oxidative coupling, organometallic coupling and dehydro- 
genation of polycyclohexylenes. These methods will be discussed in sections 1.2.5.1 to 
1.2.5.3 below. 
1.2.5.1 Oxidative coupling 
The first method reported for the synthesis of poly(parapheny1ene) is the coupling 
of benzene by Lewis acid catalysis in the presence of an oxidant. In 1963 
poly(parapheny1ene) was synthesized by stirring benzene, aluminium chloride and 
copper(I1) chloride yielding a insoluble light brown powder'63. The most favored mecha- 
Yamamoto, T.; Ito, T.; Kubota, K. Chem. Lett. 1988, 153. 
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scheme 1.5 
nism is shown in scheme 1.5. Benzene is oxidized to its radical cation which than 
propagates cationically. A second oxidation step produces the bis-cation, which looses two 
protons rearomatizing the terminal rings. Further oxidation of the dihydro structures 
finally affords the polymer164. Other Lewis acid/oxidant systems have been employed 
including A S F ~ I A S F ~ ' ~ ~  and liquid SO2 or sulfuric acid and aluminium chloride166. 
Poly(parapheny1ene) has been synthesized by the electrochemical oxidation of benzene in 
solvents such as liquid ~0~~~~ and concentrated sulfuric acidt6' or with the addition of 
Lewis acids including aluminium chloride'69, C U C I ~ L ~ A S F ~ ~ ~ ~ ,  and B F ~ . o E ~ ' ~ ' ,  
affording polymeric films. To improve the solubility, poly(parapheny1ene) has been 
s~ l fona t ed '~~  and alkylated173 with propyl halides to give materials with enhanced solubili- 
ty- 
1.2.5.2 Organometallic coupling 
A number of different organometallic coupling methods have been used for the 
synthesis of poly(parapheny1ene) including the Grignard cross-coupling of dihalobenzenes 
with a nickel catalyst1749175, the cross coupling of dihalobenzenes with zero-valent nickel 
complexes47, and the electrochemical reduction of dihalobenzenes activated by zero-valent 
nickel complexes176~177. Soluble poly(parapheny1ene)s have been synthesized by the 
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introduction of flexible alkyl side chains utilizing the nickel catalyzed cross coupling 
reactions with magnesium or borium, although the improved solubility does not have a 
stimulating effect on the average degree of polymerization, which is of the order of 
thirteenI7'. Higher molecular weight polymers, with a average degree of polymerization of 
approximately hundred, have been obtained by the nickel(0) induced polymerization of 
methyl 2,5-dichlorobenzoate, which on saponification and decarboxylation was transformed 
into poly@araphenylene)179. A polymerization without a transition metal catalyst has been 
achieved by the hexamethylphosphoramide induced polymerization of l-bromo-4- 
lithiobenzene to provide soluble poly(parapheny1ene)s with molecular weights up to 2000. 
These materials, however, consist of a considerable percentage (20-30%) meta linkages, 
which probably accounts for the remarkably high s~lubi l i ty '~~ .  
1.2.5.3 Dehydrogenation of polycyclohexylenes 
1,3-Cyclohexadiene has been polymerized in the presence of Ziegler type cata- 
lysts181 or b~ty l l i th iuml~~ providing poly(l,3-cyclohexadiene), which can be converted to 
poly(parapheny1ene) by oxidation with ~hlorani l '~~.  Diester derivatives of 5,6-dihydroxy- 
1,3-cyclohexadiene have been polymerized under radical conditions and the resulting 
polycyclohexylenes converted to poly(parapheny1ene) by the application of heat1839184. 
These polymers, due to fracturing during pyrolysis, are of relative low molecular weight 
and contain some ortho likages. This route has been improved by Grubbs et al.lg5 using 
bis-trimethylsilylethers as monomer and bis[(allyl)trifluoroacetonickel(II)] as catalyst, to 
yield the cis polycyclohexylene with an average degree of polymerization of 150. 
Transformation to the diester and pyrolysis afford poly(parapheny1ene) (scheme 1.6). 
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1.2.6 Polyacetylene 
The prototype of the simplest conjugated organic polymer is polyacetylene, which 
consists of alternating single and double carbon-carbon .IF-bonds. The first reports stem 
from the nineteenth century, but it was not until the early seventies that the conducting 
properties of the oxidized material were noted by shirakawalg6. This observation marks 
the start of the field "Conducting Polymers". Two main synthetic routes to polyacetylene 
have been employed, the Shirakawa route and the ~ u t t i n ~ e r ' ' ~  route. To improve the 
processability of the insoluble material Edwards and ~east'" developed an alternative 
route for the synthesis of polyacetylene by preparing a soluble precursor polymer. Soluble 
polyacetylenes have been prepared by the introduction of flexible side chains. The 
different approaches are discussed in sections 1.2.6.1 to 1.2.6.4 below 
1.2.6.1 Shirakawa route 
Polymerization of acetylene by aluminium-titanium mixtures as catalyst was 
originally developed by Natta and optimalized by Shirakawa in the early seven tie^^'^^^^^. 
A typical polymerization procedure is as follows: A small amount of toluene is placed in 
the reaction vessel. First titanium tetra-n-butoxide and then triethylaluminium is added, 
with a aluminium-titanium ratio between 3.5 and 4. The catalyst solution is allowed to 
stand for 45 minutes at 20°C and then pure acetylene gas is introduced. The polymer 
obtained by this procedure is mainly cis. Increase of the temperature and the ageing time 
of the catalyst improves the c o n d u ~ t i v i t ~ ' ~ ,  whereas the concentration and the aluminium- 
titanium ratio determines the morphology, which ranges from powder to film19111921193. 
Almost pure trans polyacetylene is prepared on omission of the ageing step, and the use of 
a titanium-aluminium ratio of one194. The use of silicon oil instead of toluene is claimed 
to produce a polymer containing an equal amount of cis and trans moieties and a much 
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lower concentration of sp3 carbon atomslg5. Naarmann et al.196 have developed the so- 
called "reducing agent method" where the addition of a reducing agent to the catalyst prior 
to the polymerization affords stretchable polyacetylene with conductivities of up to lo5 
~cm-' .  ~ s u k a m o t o ' ~ ~  has prepared materials exhibiting equal or even higher conductivities 
treating the catalyst in a high boiling solvent, such as decalin, at temperatures around 
2oo0c. 
1.2.6.2 The Luttinger route 
In the early sixties ~ u t t i n ~ e r l ~ ~  discovered that acetylene can be polymerized 
using group VIII metals and a hydride reductant as catalyst. With this method, 
polyacetylene powders are obtained. The importance of the route has been established by 
Enkelrnann et al.198 who found that these powders can be processed into films, either from 
suspensions or by moulding the powders. These films exhibited properties similar to the 
materials obtained by Shirakawa's method. The main advantage over Shirakawa's method 
is that it allows the polymerization to be camed out in the presence of water and oxygen. 
The best results are obtained using cobalt(I1) nitrate and sodium b o r ~ h ~ d r i d e ' ~ ~ ;  the yields 
and crystallinity are increased by decreasing the reaction temperature2". 
1.2.6.3 Precursor route 
The processibility of polyacetylene can be improved significantly by using soluble 
precursor polymers that are easily converted into the insoluble polyacetylene. Feast et 
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a1.1889201 have developed a method where the initial polymer is converted to polyacetylene 
by the appliance of heat (scheme 1.7). Thus, 7,8-bis(trifluoromethyl)tricyclo[4.2.2.02~5] 
deca-3,7,9-triene is polymerized by ring opening metathesis polymerization (ROMP) to 
give the high molecular weight precursor polymer. The precursor polymer is soluble in 
common organic solvents and is easily converted into polyacetylene with the evolution of 
1,2-bis(trifluoromethy1)benzene at slightly elevated temperatures. Even at room tempera- 
ture it is possible to convert the precursor polymer (half life: 20 hours). The temperature 
of retro Diels-Alder reactions can be adjusted by changing the substituents. To improve the 
stability of the precursor polymer the original monomer has photochemically been convert- 
ed into the pentacyclic isomer by UV irradiation2'*. Polymerization indeed yields a stable 
precursor polymer, but the exothermicity of the conversion reaction limits the applicability. 
Molecular weight control and polydispersities close to unity have been achieved using 
different catalysts in the ring opening metathesis polymerization203. A limitation of both 
precursor polymers is the production of volatile elimination products. An improvement 
with regard to the by-products has been made by Swager et ala204, who have polymerized 
benzvalene by ring opening metathesis polymerization and converted the precursor 
polymer to polyacetylene by catalytic isomerimtion. 
With their work, Edwards en Feast have introduced the use of precursor polymers 
in the field of conducting polymers. Furthermore, they have initiated an organic chemical 
approach with respect to the synthesis of n-conjugated polymers. 
1.2.6.4 Soluble polyacetylenes 
Polyacetylene prepared by the methods described above is insoluble and of low 
tractability. To improve the solubility, substituted acetylenes have been polymerized to 
yield soluble polyacetylenes that have one substituent on every two carbon atoms205. 
However, due to the steric repulsion between the adjacent side groups the conjugation 
length is diminished resulting in materials of significantly lower conductivi t ie~~~~.  Grubbs 
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et al.2077208 have synthesized polyacetylene with one side group on every eight carbon 
atoms by the ring opening metathesis polymerization of monosubstituted cyclooctatetraene 




although the conjugation length has diminished. Especially for bulky substituents, such as 
the t-butyl group the decrease in conjugation is approximately 200 nm, emphasizing the 
importance of steric interactions of the solubilizing side groups. The introduction of chiral 
appendages results in the formation of a chiral main chain209. 
1.2.7 Polydiacetylenes 
A special class of conjugated polymers consists of the polydiacetylenes; 
diacetylenes can be polymerized in the solid state either by irradiation or thermally 
yielding polymeric single crystals of large dimension. The photoreactivity of diacetylenes 
was discovered in 1882~", but it was not until 1969 that the interesting macroscopic 
properties were recognized by wegne?ll. Polymerization of diacetylenes proceeds by 1,4- 
additions to yield the conjugated polymer, which has two mesomeric forms (scheme 1.9). 
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It is proposed that the acetylenic structure is stabilized over the butatrienic structure by 12 
kcal per C4H2 unit212 . The packing of the monomer unit in the crystal is characterized by 
the separation of the monomers in the direction of the array (d) and the angle between the 
axis of the array and the diacetylenic rod (y). Critical for the solid state polymerization 
seems to be the perpendicular distance between the units (s) and, since the end groups 
determine the monomer crystal structure, the nature of the end groups R. 
Symmetrically disubstituted diacetylene monomers are usually synthesized by the 
oxidative coupling of terminal acetylenes with a cuprous salt and ai?13, although other 
methods have been described214. The monomer most frequently used is 2,4-hexadiyne-1,6- 
diol, bis(p-toluene sulphonate) (R = CH20S02C6H5CH3). The polymerization process is 
characterized by the occurence of an induction period, in which chain lengths of 10 to 20 
units are formed, followed by a fast polymerization process above ten percent monomer 
conversion, to yield the single crystal polymers215. Although initially little work has been 
done on the molecular weight determination of polydiacetylenes, due to their insolubility 
or tendency to form aggregates, light scattering measurements have revealed an average 
molecular weight of about 800,000 g mol-', corresponding to 1500 monomeric units. Thls 
value was confirmed by GPC measurements. Other polydiacetylenes have molecular 
weights in the same 
With the appropriate choice of end groups R, diacetylene monomeric films have 
been prepared via Langmuir-Blodgett techniques to afford structures of controlled 
thickness and orientation after polymerization218. Polymerization of mesogenic monomers 
yields polydiacetylenes which also exhibit liquid crystalline behaviour 216. Although 
doping of highly crystalline polydiacetylene is not possible, conductivity measurements 
have been carried out on poorly crystalline polyacetylene films, but only moderate values 
have been obtained219. Of more interest are the optical properties of polydiacetylenes, 
including so lva t~chromisrn~~~~ 217, thermochr~mism~~~ and non ~ i n e a r i t i e s ~ ~ l , ~ ~ ~ ,  all 
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characteristic for conjugated polymers. 
1.2.8 Two-dimensional ladder structures 
Ribbon-type conjugated polymers are known to have higher thermal stability and 
rigidity than their linear analogs223. Furthermore, this type of n-conjugated materials is 
expected to exhibit low band gaps224. The synthesis of these ladder or ribbon polymers is 
a demanding task and has been carried out by repetitive cycloadditions or by a two-step 
approach in which a linear polymer is transformed into a ladder polymer by ring-closure 
reactions. Ribbon-type polymers are obtained by Diels-Alder cycloaddition reactions of 
suitable monomers225'2269227, but the conversion of the obtained materials into the fully 
conjugated polyacenes (figure l.lO.a) has been unsuccessful so far. A fully conjugated 
ladder polymer (figure l.lO.b) has been prepared by Diels-Alder cycloaddition reactions 
with the elimination of carbon monoxide and subsequent dehydrogenation228. The 
cocyclization of o-diethynylarenes with acetylenes has led to the formation of oligomer 
analogs of biphenylene229'230 (figure 1.10.c). In the two-step approach a linear precursor 
am- \ 
R 
\ / .  
a 
figure 1.10 
polymer, usually polyphenylene, with suitable functionalities, is prepared. The key step 
involves the ring closure affording the bridged phenylene ladder polymers (figure 1.1 1 .a). 
Different types of bridges have been used, including methylene231y232(x), ~ i n ~ l e n e ~ ~ ~ ( ~ ) ,  
Sauteret, C.; Hermann, 1.-P.; Frey, R.; Pradkre, F.; Ducuing, J.; Baughman, R. H.; Chance, R. R. 
Phys. Rev. Lett. 1976, 36, 956. 
Millburn, G .  H. W.; Weminck, A.; Tsibouklis, J.; Bolton, E.; Thornson, G.; Shand, A. J. Polymer 
1989, 30, 1004. 
Yu, L.; Chen, M.; Dalton, L. R. Chem. Mat. 1990, 2, 649. 
Mullen, K. Pure & AppI. Chem. 1993, 65, 89. 
Schliiter, A.-D. Adv. Mater. 1991, 3, 282. 
Godt, A.; Schlliter, A.-D. Adv. Mater. 1991, 3, 497. 
Wegener, S.; MUllen, K. Chem. Ber. 1991, 124, 2101. 
SchlUter A,-D.; Lamer, M.; Enkelmann, V. Nature 1994, 368, 83 1. 
Hirthammer, M.; Vollhardt, K. P. C. J. Am. Chem. Soc. 1986, 108, 2481. 
Vollhardt, K .  P. C. Pure & Appl. Chern. 1993, 65, 153. 
Scherf, U.;  Mlillen, K. Polymer Commun. 1992, 33, 2443. 
chapter l 
and imine234(z) functionalities. The methylene bridged polymers require an additional 
dehydrogenation step to afford the conjugated ladder structure, which is not possible in all 
cases. Well-defined rulenes (figure 1.1 1.b) of high molecular weight have not been 
prepared yet, but some oligomers can be synthesized from oligonaphthylenes by subse- 
quent anionic and cationic ~ y c l i z a t i o n ~ ~ ~ .  
The conjugation length of the ribbon-type polymers shows an increase (of more 
than 100 nrn) relative to the linear parent compounds, as could be expected from the 
increase in co-planarity. Absorption values of over 600 nm, however, have only been 
obtained for the 01 i~o ru l enes~~~  and the dehydrogenated methylene bridged 
polyphenylenes231, indicating that only a limited number of these materials indeed has low 
band gaps. On the other hand, some of the ladder polymers have been oxidized producing 
highly stable radical cations236. 
1.2.9 Phenylene-heteroarene copolymers 
The synthesis of phenylene-heteroarene copolymers enables the investigator to 
combine the properties of the different homopolymers into one material, increasing the 
scope of potential applications. Alternating copolymers combine these properties more 
efficiently than copolymers with a random distribution, but their preparation requires 
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selective polymerization techniques. The synthesis of such copolymers, both alternating 
and random, has received relative little attention. This will change due to the increasing 
interest in small band gap polymers (see section 1.2.4.1). The idea of using copolymers to 
introduce alternating structures of electron-rich and electron-poor moieties has emerged. 
Three synthetic routes have been developed: (1) direct polymerization of the different 
aromatics by either oxidative or chemical coupling methods, (2) ring closure of precursor 
polymers, and (3) polymerization of a monomer that already contains the desired array of 
units. The different strategies are outlined in sections 1.2.9.1 to 1.2.9.3. 
1.2.9.1 Direct polymerization 
Oxidative copolymerization requires monomers having similar oxidation potentials, 
otherwise the material obtained will be a mixture of both homopolymers or at best have a 
block structure. This limits the oxidative approach, which, however, has been used for a 
pyrrole-thiophene copolymer, prepared by the electrochemical polymerization of a-ter- 
thienyl and pyrrole237, which have oxidation potentials of 1 V and 0.8 V, respectively. 
The chemical route is much more general; the reaction of a bis-metallated and a dihalo 
aromatic species, either of which may contain the heterocyclic ring, using palladium- or 
nickel-catalysts yields a completely alternating copolymer. Thus, heterocycles such as 
thiophene, selenophene and pyridine have been coupled with benzene and biphenyl using 
magnesium and nickel2389239. Thiophene and furan have been coupled with benzene and 
substituted benzenes using zinc and palladium240~241, and alkoxy-substituted benzenes and 
thiophene have been coupled via the Stille reaction using tin and palladium242. The 
bromo\boronic acid coupling has been used in the coupling of alkyl substituted benzenes 
with Boc-protected pyrroles243. Zerovalent nickel has been used as catalyst in the copoly- 
merization of thiophene with benzene244 and pyridine245,246. The absence of organo- 
metallic monomers in this type of polymerization gives rise to materials have a random 
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structure. 
Dibromothiophene and p-phenylene diamine have been coupled under Ullmann 
conditions to give a copolymer of aniline and t h i ~ ~ h e n e ~ ~ ~  (scheme 1.12). 
scheme 1.12 
1.2.9.2 Precursor route 
Thiophenes and pyrroles have been synthesized by the ring closure of diacetylenes 
with hydrogen and primary respectively, and from 1,Cdiketones with 
Lawesson's reagentz5' and ammonium acetatez5', respectively. An alternating copolymer 
of phenylene and diacetylene or 1,Cdiketone moieties offers the possibility of the 
synthesis of an alternating copolymer consisting of phenylene and thiophene or pyrrole 
rings. Thus, diethynylbenzene is coupled oxidatively, affording the phenylene diacetylene 
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closure with hydrogen sulfide and aniline the phenylene-thiophene and the pheny1ene-N- 
phenylpyrrole copolymers are obtained25'. 
The reaction of terephthaldehyde and the bis-Mannich base of 1,4-diacetylbenzene 
with sodium cyanide as catalyst in the ~ t e t t e r ~ ~ ~  eaction affords polyphenylene-l,4- 
butanedione, which is the alternating phenylene 1,Cdiketone polymer. Ring closure with 
Lawesson's reagent and ammonia affords the phenylene-thiophene and phenylene-pyrrole 
copolymers as outlined in scheme 1.1 3253. 
1.2.9.3 Oligomer polymerization 
Oligomers may be polymerized oxidatively since the difference of the oxidation 
potentials of the different rings is no longer a restriction. A copolymer of thiophene and 
pyrrole has been prepared by the electrochemical polymerization of 2,2'-thienylpyrrole254. 
A number of other trimers containing thiophene, furan and N-methylpyrrole moieties have 
been polymerized oxidatively with NOPF6 to provide the different copolymers255. Due to 
the unsymmetrical nature of the monomers, however, these copolymers are not completely 
alternating. An alternating copolymer of benzene and bithienyl units has been synthesized 
by the polymerization of 1,4-dithienylbenzenes either electrochemically256 or oxidatively 
with iron(1II) chloride257. Introdution of two alkyl or alkoxy substituents on the phenyl 
ring afforded regular and soluble polymers258. Polymers containing thiophene and pyridine 
units have been prepared from the dibromides using zerovalent (scheme 1.14). 
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Poly(ary1ene vinylene)~ are perfectly alternating copolymers of trans-vinylene and 
aromatic units such as benzene260, t h i ~ ~ h e n e ~ ~ ' ,  and f ~ r a n ~ ~ ~ ,  and exhibit 
attractive material properties. Oriented poly(pheny1ene vinylene) (PPV) is highly crystal- 
line264, mechanically strong, environmentally stable and highly conducting, up to 5000 
~cm-' ,  when doped265. Furthermore, PPV's display large electrolumine~cence~~~ 
The first synthetic approaches to PPV's were based on dehydrohalogenation or 
Wittig condensation reactions, but the materials obtained are insoluble and mainly oligo- 
,,ic267,268 . With the development of a water soluble precursor polymer, high molecular 
weight polymers have been prepared and transformed into well defined poly(ary1ene 
~ i n ~ l e n ) s ~ ~ ~  (scheme 1.15). The precursor polymer is synthesized by the base induced 
scheme 1.15 
polymerization of a bis-sulfoniurn salt in aqueous solution at low temperatures and with 
one equivalent of base. These mild polymerization conditions are required to suppress the 
uncontrolled formation of unsaturated segments by elimination of the sulphonium side 
chain. On heating, in an inert atmosphere to prevent oxidation of the vinylene carbons to 
carbonyls, the precursor is converted into poly(ary1ene vinylene) with the evolution of the 
sulfide and acid. Conversion into the conjugated polymer has also been achieved at room 
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temperature by treatment of the precursor by strong acids and subsequent d e d ~ ~ i n ~ ~ ~ ' .  A 
poly(thieny1ene vinylene) precursor polymer soluble in organic solvents and of enhanced 
stability, and therefore processable271, has been prepared by the use of methanol as 
cosolvent in the polymerization reaction. After termination of the reaction the temperature 
is increased to 20°C affording the methyl ether (scheme 1 . 1 6 ) ~ ~ ~ .  Monomers containing wn mn 
R' - MeOH 
Me 
scheme 1.16 
one273, and methoxy substituents have been polymerized in order to 
improve the stability of oxidized poly(pheny1ene vinylene). Increasing the length of the 
side chain to six carbons leads to highly increased The hexyloxy substituted 
precursor polyelectrolyte, however, is not soluble in water nor in organic solvents and 
partial elimination is necessary prior to further processing. The disadvantage of an 
insoluble precursor polymer can be eliminated by the conversion of the sulfonium salt to 
an alkyl ether yielding a soluble precursor polymer as 
An alternative means for the synthesis of a soluble precursor polymer involves the 
ring opening metathesis polymerization of bicyclo[2,2,2]octadiene derivatives affording 
precursor polymers with the solubilizing functionality in the ring278 (scheme 1.17). Soluble 
poly@henylene vinylene) derivatives have been prepared by the direct coupling of 
substituted diiodobenzenes with divinylbenzene in the Heck coupling reaction using 
palladium acetate279. 
scheme 1.1 7 
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1.3 Synthesis of well-defined oligomers 
n-Conjugated oligomers have been the subject of a rapidly expanding field of 
research effort the last few years. The current interest is a consequence of the ability of 
well-defined oligomers to serve as model compounds for the corresponding polymers with 
respect to the synthesis, spectroscopic analysis and their physical properties. Furthermore, 
the possible use of oligothiophenes in applications has been established2801281. Garnier et 
al. have reported on an all-organic transistor using the unique properties of a self- 
assembled layer of a substituted sexithienyl. The high electron mobility of the oligomer, 
almost comparable to that of amorphous silicon, is used in this prototype device282. In the 
following section the most remarkable results on the synthesis and properties of well- 
defined oligomers are presented. 
1.3.1 Thiophene oligomers 
Of different conjugated oligomers the class of thiophenes has received by far the 
most attention, merely because several accessible synthetic routes are available, whereas 
the synthesis of for example oligopyrroles is very complicated. Oligothiophenes have been 
isolated from ~ a r i ~ o l d s ~ ' ~  and synthesized some decades ago for the investigation of their 
nematicidal properties284. For the synthesis of well-defined thiophene oligomers a number 
of methods have been the cross coupling reaction of a dihalo compound with 
organometallics like magnesium, zinc or tin with a palladium or nickel cata- 
1yst286~2879288y28932g0, the copper(I1) chloride oxidation of an anion291*292'293 and the ring 
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closure reaction of a 1,Cdiketone with Lawesson's reagent2949295,296 (scheme 1.18). 
Lawesson's reagent I 
scheme I .  I8 
Oligothiophenes have been employed for conformational analysis. The structure of 
a few oligothiophenes containing two297, three298,299,300, four301,302, five303 and six303,304 
thiophene rings has been resolved by X-ray analysis. All compounds exhibit a nearly 
coplanar all-trans conformation, although the terminal rings may adopt a cis-cis conforma- 
tion303. The all-head-to-tail substituted trimethyl-a-terthienyl derivative crystallizes in a 
chiral space group300. UV and NMR analysis together with calculations have shown that in 
solution unsubstituted quarterthiophene exhibits a planar cis-trans-cis conformation. The 
introduction of methyl substituents induces an equilibrium between planar cis and twisted 
trans-conformations and only when the substituents are head-to-head, the twisted trans- 
conformation is favoured, resulting in a considerable loss of c o n j ~ ~ a t i o n ~ ~ ~ ~ ~ ~ ~ .  
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chapter I 
The use of oligomers containing more than six thiophene rings is restricted to 
substituted compounds due to the insolubility of the unsubstituted oligomers. Most of the 
oligomers differ from the substituted polythiophenes in their substitution pattern; they do 
not contain one substituent on every ring as is the case in most polythiophenes. Upon 
oxidation some of the shorter oligomers, up to six thiophene rings, were found to polymer- 
ize306, so the reported307 high conductivities of some of these oligomers are probably due 
to some polymeric material. Oligomers containing more than 6 thiophene rings do not 
polymerize, and it has been found that polymers made up of 11 or 12 thiophene 
rings292,294*306 exhibit conductivities of 5-20 scmml in the same range of that of 
polythiophene. Optical measurements show A, values that exceed poly- 
thiophene29273069308, but this is mainly due to a decrease of steric hindrance in the 
oligomers having less substituents. Extrapolation of these values results in a I,,,, for 
polythiophene of 537 or 538 implying that the perfect polythiophene has not 
been synthesized yet. 
A number of oligothiophenes have been employed in the investigation of the 
nature of the different oxidation states in polythiophene. Oxidation of oligothiophenes 
proceeds in two steps; the first is the formation of a radical cation (the analog of the 
polaron state in conjugated polymers), which exhibits a strong ESR signal. The 
dimerization of these radical cations to form diamagnetic a-dimers has been ob- 
se,ed309,3 10,311 
. In the second step of the oxidation the radical cation is interconverted to 
the diamagnetic dication (the bipolaron analog). Although it has been reported that the 
oligomers must consist of at least six thiophene rings to undergo the second oxidation 
step312, this claim is at variance with other results287~308,313. 
Langmuir-Blodget films of oligothiophenes and in particular 2,2',5',2"-terthienyl 
derivatives exhibit large dielectric constants and high conductivities with or even without 
additional dopants314. Oligothiophenes exhibit other characteristics that are known from 
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polythiophenes, such as thermoch~omisrn~~~ and hyperpolarizability315. 
1.3.2 Other oligomers 
In sharp contrast with the oligothiophene series, the reports on other .n-conjugated 
oligomers are limited, owing to the difficulties encountered in the synthesis of these well- 
defined oligomers. Aniline oligomers have been prepared and the different oxidation states 
studied by.1R and UV  measurement^^^^,^^" as well as by X-ray analysis317. 
In the case of pyrrole oligomers both the approach of synthesizing a number of 
oligomers individually as well as the separation of a mixture of oligomers have been 
employed. The very elegant Stille coupling of N-Boc protected pyrroles by Martina et al. 
has afforded oligomers up to the nanomer. The crystal structures of the dimer318, trimer318 
and pentame2'9 of this pyrrole series have been resolved. These clearly display a coplanar 
structure for the unprotected oligomers and a 70 degree angle for the N-Boc protected 
analogs. The Ullmann polymerization of 2,5-dibromo-N-Boc pyrrole has been used to 
produce a mixture of 01i~omers'~~. Subsequent HPLC separation affords all oligomers up 
to 20 repeating units. Doping of the pentamer has produced material with a conductivity of 
100 ~cm-' .  
Unsubstituted phenylene oligomers have been doped with potassium and the 
conductivity dependence of the chain length and structural order studied3''. Some of the 
crystal structures were resolved321. Substituted phenylene oligomers have been doped and 
the formation of radical anions and dianions studied by optical measurements. These 
studies emphasize the influence of substituents on the aromatic backbone322. Acetylene 
oligomers are capped with t-butyl or phenyl groups to prevent side reaction during the 
studies. Oligomers containing two to four double bonds have been reduced and the 
different states studied with ESR (radical anions) and NMR ( d i a n i ~ n s ) ~ ~ ~ .  Oligomers 
containing up to 15 double bonds have been synthesized324. All-trans R-carotene has been 
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used as an acetylene oligomer as 
Substituted phenylene vinylene oligomers have been synthesized by a sequence of 
Wittig reactions326 and their radical anion and dianions studied by optical methods327. 
Recently these oligomers have attracted considerable interest due to the electroluminescent 
properties of the parent polymer. 
1.4 Aims of this thesis and survey of its contents 
A considerable research effort has been devoted to the synthesis of n-conjugated 
materials with special emphasis on the solubility and purity of the materials as is illustrat- 
ed in the previous sections. The introduction of side chains has proven to be effective for 
formation soluble polymers. Although these substituents provide solubility, they have a 
major influence on the characteristics of the materials, for example, the reduction of the 
effective conjugation length as a result of the steric interactions of the side chains. This is 
most pronounced for randomly attached substituents, but the effect is found in 
regioselectively substituted polymers as well. Furthermore, the regiorandom distribution 
also decreases the crystallinity. Therefore, a balance has to be found between solubility on 
the one hand and effective n-conjugation on the other. Although considerable research has 
been directed to the synthesis of either regioregularly substituted or partly substituted 
polythiophenes, a combination of both methodologies has not been examined yet. We 
expect that this combination, i.e. both a limited number and a regular attachment of 
substituents, will result in an increase in effective conjugation length. An important aspect 
of the purity of aromatic compounds is the question of x-conjugation through the aromatic 
backbone, i.e. the absence of mis-linkages that interrupt the conjugation. Especially, the 
widely used oxidative coupling of aromatic rings leaves some doubt about the coupling 
pattern of the rings. Additionally, with substituted monomers, oxidative methods may 
induce some side chain cross-linking. To prevent these unwanted side reactions, clean 
reactions are required. The best method for the direct coupling of aromatic rings is the 
organometallic cross-coupling reaction. Alternatively, heterocyclic rings can be synthesized 
by the cyclization of suitable precursor compounds, which in turn are prepared by well- 
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defined methods. A combination of these two methods offers the possibility to synthesize 
n-conjugated compounds through a solid route that leaves no doubt about the perfect 
linkage of the aromatic rings. Furthermore, this allows the introduction of a variety of 
rings and substituents. In this thesis we will describe the design and synthesis of soluble 
oligomers and polymers with highly effective n-conjugation by using a limited number of 
substituents, sterically smaller substituents and a high degree of regioregularity of the 
substituents. 
Chapter 2 deals with the synthesis of a highly conjugated and yet soluble 
polythiophene. The synthesis is based on the work of the group of McCullough, which 
uses a selectively prepared mono Grignard species, which is polymerized. We use a 
bithienyl derivative resulting in a polythiophene with one substituent on every two thio- 
phene rings and with complete regioregularity of the substituents. 
Chapter 3 describes the use of the Stetter reaction, i.e. the addition of cyanohydrin 
species to a,bunsaturated ketones or precursor compounds thereof in the Michael reaction, 
for the synthesis of 1,4-diketones and the subsequent cyclization to afford thiophene and 
pyrrole derivatives. With this reaction several oligomers have been synthesized, containing 
different aromatic rings and various kinds of substituents. Additionally, the Stetter reaction 
and the ring-closure reactions are employed in the synthesis of aromatic polymers. 
With the methods described above, highly conjugated materials have been 
obtained. However, the compounds are linear, and the effective conjugation length is 
dependent on the number of substituents and especially on the positioning of the 
substituents. An alternative strategy to increase the effective conjugation length is the 
synthesis of two dimensional compounds. This approach is described in chapter 4, where 
the pyrazine moiety is used as central building block for the synthesis of these types of 
molecules. 
An important property of n-conjugated materials is their ability to conduct electric 
current upon doping. Most of the research on this topic has been carried out on the oxi- 
dized materials (p-type doping). n-Type doped conducting polymers have received far less 
attention although these materials are required for a number of applications. This limited 
attention is mainly due to instability of the materials that are obtained upon reduction of 
the virgin polymers. Alternatively, charge carriers may be introduced by the deprotonation 
of a suitable parent polymer. In chapter 5 we describe the synthesis of a 1,3-diketone 
polymer and its complexation with copper ions, in an attempt to prepare a stable n-doped 
conducting polymer. 
